Abstract Cerebellar Purkinje cells contain intracellular membrane systems that are highly enriched in concanavalin A (Con A)-binding sites and which may be involved in axonal and dendritic transport. We have attempted to characterize these Con A-binding sites in fixed slices of cerebellum by their susceptibility to endoglycosidase H (Endo H) digestion. Tissue slices labeled with Con A-peroxidase without prior Endo H digestion had moderately dense label in the molecular and granular layers with the heaviest label occurring in Purkinje cell somata. Endo H digestion of tissue slices produced little change in the pattern of Con A label in the molecular and granular layers, but the Con A label in Purkinje cell somata was removed except for small discrete patches. Electron microscopic examination of Purkinje cells from tissue slices not digested with Endo H showed Con A label in cisternal elements of the endoplasmic reticulum (ER), nuclear envelope, hypolemmal cisternae, and the Golgi complex. Presynaptic terminal smooth membrane cisternae and dendritic hypolemmal cisternae of Purkinje cells were also labeled with Con A-peroxidase. Endo H digestion removed Con A-binding sites in cisternae of the ER, somal and dendritic hypolemmal membrane system, and presynaptic terminal smooth membrane profiles. Con A-binding sites in the nuclear envelope and Golgi complexes of Purkinje cells were not removed by Endo H digestion. These results present ultrastructural evidence in support of biochemical studies which report the rough ER as the site of polymannose oligosaccharide addition to nascent polypepbides. The characterization of synaptic terminal smooth membrane and hypolemmal cisternae Con A-binding sites as polymannose or hybrid oligosaccharides may indicate that the complete maturation of glycoprotein carbohydrates to a complex type (Endo H resistant), found on the neuronal cell surface, occurs at or near the site of their insertion into the plasmalemma.
--
The hypolemmal membrane system and presynaptic terminal smooth membrane profiles are possible morphological substrates for the fast transport of cell surface glycoproteins from the cell soma to the dendrites, axons, and presynaptic terminals (Kaiserman-Abramof and Palay, 1969; Palay and Chan-Palay, 1974; Wood et al., 1974 Wood et al., , 1981 Wood and McLaughlin, 1976) . In the cat cerebellum exogenous horseradish peroxidase (HRP) undergoing anterograde transport is associated with both smooth membrane cisternae lying directly beneath the axolemma and presynaptic smooth membrane profiles (Walberg et al., 1976) . In the chick ciliary ganglion and preganglionic nerve, smooth membrane profiles in the region of the axolemma and in the presynaptic terminal have been implicated in the fast transport of radiolabeled glycoproteins (Bennett et al., 1973; DiGiamberardino et al., 1973; Droz et al., 1973) . Since the hypolemmal cisternae and the presynaptic terminal smooth membrane profiles may participate in the fast transport of cell surface glycocon-Vol. 4, No. 6, June 1984 jugates, characterization of their lectin-binding sites along with lectin-binding sites in other membrane compartments in the Purkine cell may provide more insight into the transport and processing of neuronal cell surface carbohydrates, as well as the transport of lectins introduced exogeneously into the cell (Stoeckel et al., 1977; Margolis et al., 1981; Ruda and Coulter, 1982; LaVail et al., 1983) .
To characterize the Con A-binding sites in the Purkinje cell we have used a glycosidic enzyme, endo-P-Nacetylglucosaminidase H (Endo H), to digest fixed cerebellar tissue slices prior to Con A-peroxidase labeling. The Endo H enzyme cleaves polymannose and smaller hybrid oligosaccharides in the chitobiose core of asparagine-linked glycoproteins. Our results indicate that the Con A-binding sites in the RER, hypolemmal membrane system, and presynaptic terminal smooth membrane profiles are polymannose and/or, hybrid-type asparaginelinked oligosaccharides of glycoproteins. A portion of this work has appeared in abstract form (Hart and Wood, 1983 ).
Materials and Methods
Concanavalin A (type IV), a-methyl-D-mannoside, horseradish peroxidase (type VI), and 3-3'-diaminobenzidine were purchased from Sigma Chemical Co. (St. Louis, MO). Endo-P-N-acetylglucosaminidase H (0.1 unit vials) was from Miles Laboratories, Inc. (Elkhart, IN). Glutaraldehyde (8%) and paraformaldehyde were from Polysciences, Inc. (Warrington, PA). All other chemicals were reagent grade.
Preparation of tissue. Male Sprague-Dawley rats (4 to 8 weeks old) were anesthetized by intraperitoneal injection of 35% chloral hydrate (1 ml/kg of body weight) and were then perfused through the heart for 20 min with an ice-cold fixative containing 4.0% paraformaldehyde, 0.5% glutaraldehyde in 0.12 M Millonig's buffer (pH 7.2) (Millonig, 1961) . The cerebellum was removed and placed in 4% paraformaldehyde in 0.12 M Millonig's buffer (pH 7.2) overnight at 4°C. The next morning the cerebellum was cut parasagittally into 45pm slices with a Lancer Vibratome and collected in ice-cold PBS (pH 7.2); sections that were the most similar in overall morphology were chosen for further processing.
Enzyme incubations. Endo H (0.1 unit) was dissolved in 100 ~1 of distilled water and diluted to 200 ~1 with 100 ~1 of 0.30 M citrate-phosphate buffer (pH 5.5). The final solution contained 0.05 mM phenylmethylsulfonyl fluoride (Sigma) as a protease inhibitor. One tissue slice per experiment was digested with the Endo H solution in a covered spot plate at 37°C with gentle agitation for 24 hr. Tissue slices incubated in 200 ~1 of 0.15 M citratephosphate buffer minus Endo H were used for the enzyme control.
Lectin cytochemistry. All steps were performed with gentle agitation at room temperature except where indicated. After Endo H digestion, or an incubation in buffer without enzyme, the tissue slices were removed from the spot plate wells, washed for 10 min with citrate-phosphate buffer (two changes) followed by a PBS wash for 15 min (three changes). The tissue slices were incubated with Con A (1 mg/ml) in PBS for 30 min and were washed for 3 hr in PBS (nine changes). A tissue slice in the citrate-phosphate buffer minus Endo H was incubated with Con A (1 mg/ml) in PBS containing 0.2 M amethyl-D-mannoside as a hapten control. Next, the slices were incubated in HRP (0.1 mg/ml) in PBS for 30 min and were then washed for 3 hr in PBS (nine changes). The Con A-bound HRP was visualized by incubating the slices for 10 min in an ice-cold solution of 3-3'-diaminobenzidine (DAB) (0.6 mg/ml) in PBS containing 0.006% H202. After the DAB incubation, the slices were washed for 30 min in PBS (three changes). Areas of the cerebellar cortex and dentate nucleus were cut from the slices and postfixed in 2% 0~0, in 0.12 M Millonig's buffer (pH 7.2) for 1 hr. These tissue pieces were stained en bloc with aqueous 1% uranyl acetate, dehydrated through an ethanol series and propylene oxide, and flat embedded in Embed 812-Araldite. Superficial ultrathin sections were taken parallel to the parasagittal tissue face and examined on a Phillips EM 400 electron microscope without staining the grids with either uranyl acetate or lead citrate. The remainder of each tissue slice was processed for light microscopy by a light osmication (4 drops of 4% OsOJlOO ml of PBS) for 15 set followed by dehydration through an ethanol series and xylene and was mounted on glass slides.
Results

Light microscopy
The Con A-labeling pattern of cerebellar tissue slices incubated in the citrate-phosphate buffer without Endo H corresponds to the results of previous reports (Wood et al., 1974; Wood and McLaughlin, 1976) in which a 37°C incubation at pH 5.5 for 24 hr was not done before cytochemical processing. This indicated that the long incubation period at pH 5.5 did not rearrange or destroy the Con A-binding sites.
The buffer control tissue slices had a moderate amount of Con A label in the molecular and granular layers with the heaviest label located in the Purkinje cell somata (Fig. la) . Tissue slices treated with Endo H prior to lectin cytochemistry still had a moderate amount of Con A label in the molecular and granular layers (Fig. lb) . The most striking effect of Endo H treatment was the almost complete removal of Con A label in the Purkinje cell somata (Fig. lb) . At a higher magnification the Purkinje cell somata of enzyme-treated tissue were virtually clear of Con A label except for small discrete patches and round vesicles (compare Fig. lc to Id). The plasma membrane and the nuclear envelope area retained Con A label after Endo H digestion ( Fig. Id and  3 ). Tissue slices incubated in the citrate-phosphate buffer minus Endo H, followed by a Con A plus 0.2 M ol-methyl-D-mannoside incubation, were virtually free of label (inset, Fig. la ).
Electron microscopy
Buffer control tissue slices labeled with Con A. Purkinje cell somata had Con A-peroxidase label located in cisternal elements of the Golgi complex, both smooth and rough ER including the nuclear envelope, and the hypo- (Fig. 4a ). This pattern of Con A labeling in Purkinje lemma1 cisternae (Fig. 2) . The dendrites of Purkinje cells neurons after prolonged incubation at low pH is essenhad Con A label restricted to the hypolemmal cisternae tially the same as that seen in tissue processed immedi- (Fig. 4~) . Presynaptic terminals that fit the description ately after Vibratome sectioning (Wood et al., 1974 ; of Purkinje cell terminals in the dentate nucleus (ChanWood and McLaughlin, 1976) . Palay, 1977) had Con A label within smooth membrane Endo H-treated tissue slices labeled with Con A. Endo cisternae (Fig. 4a) . A majority of the labeled smooth H digestion of the fixed cerebellar slices resulted in a membrane cisternae were found in the central portion of selective loss of Con A-binding sites in the Purkinje cell the terminal in close approximation to mitochondria somata. The conspicuous reduction of label in the cell Figure 2 . A portion of a Purkinje cell soma from a buffer-treated tissue slice labeled with Con A-peroxidase. The Con A label is present in cisternae of the nuclear envelope (block arrows), rough endoplasmic reticulum (arrowheads), Golgi complex (GO), and hypolemmal cisternae (arrows). Magnification X 16,100.
somata observed at the light microscopic level resulted from the absence of Con A label in the cisternae of both smooth and rough ER (Fig. 3) . Interestingly, Endo H treatment did not remove Con A label in the nuclear envelope. However, in another element of the ER, the hypolemmal cisternae, Con A-binding sites were removed by Endo H digestion (Fig. 3) . A majority of the Golgi complexes in Purkinje cells of enzyme-treated tissue still had Con A label throughout cisternae of both the cis and trans saccules. In the hypolemmal cisternae of Purkinje cell dendrites, Con A label was drastically reduced or abolished in Endo H-treated tissue (Fig. 4, d and e) . This observation was consistent throughout the numerous Purkinje cell dendritic profiles examined by electron microscopy. Examination of dendrites from a buffer control tissue slice versus a dendrite from an Endo H-treated tissue slice illustrates the loss or salient reduction of Con A receptors in the hypolemmal cisternae of enzymetreated tissue (compare Fig. 4c and 4d) . In presynaptic terminals of Purkinje cells the Con A-binding sites in smooth membrane cisternae were removed by Endo H treatment (Fig. 4b) . Observations of numerous thin sections from enzyme-treated tissue slices showed the mitochondria-associated smooth membrane cisternae in the central portion of the synaptic terminal to be free of Con A label (Fig. 4b) . Con A label was found infrequently in the cisternae of larger membrane-bound vesicles in the peripheral portion of the synaptic terminal (not shown). When this type of labeled vesicle was followed in serial sections, it was seen to be an infolding of the presynaptic plasma membrane.
Discussion
Endo H, the endoglycosidase enzyme first described and later reviewed by Maley and co-workers (Tarentino and Maley, 1974; Tarentino et al., 1978) , has been an important tool in the analysis of glycoprotein structure and synthesis. Endo H cleaves polymannose and smaller hybrid-type oligosaccharides of asparagine-linked glycoproteins between the two N-acetylglucosamine (GlcNAc) residues in the chitobiose core. Larger hybridtype and complex-type oligosaccharides are resistant to hydrolysis by Endo H (Tarentino et al., 1978) . Also, the Figure 3 . A portion of a Purkinje cell soma from a tissue slice treated with Endo H prior to Con A-peroxidase cytochemistry. Endo H treatment removes Con A-binding sites in cisternae of the rough endoplasmic reticulum (arrowheads) and hypolemmal cisternae (long arrow). Con A label remains in cisternae of the Golgi complex (GO) and nuclear envelope (block arrows). Magnification x 21,000. attachment of fucose to the inner GlcNAc in the chitobiose core abolishes the enzymatic action of Endo H (Tarentino and Maley, 1975; Tarentino et al., 1978) .
In our experiments, Endo H digestion of tissue slices prior to lectin cytochemistry removed Con A-binding sites in the cisternae of the RER. The specificity of Endo H enzymatic action and previous biosynthetic studies described below indicate that these lectin receptors are polymannose or, less likely, a hybrid type.
Biosynthetic studies with 3H-amino acids incorporated into glycoproteins in either cell-free translation systems or pulse-chase experiments in cell culture have reported the initial glycosylation event in the RER as an en bloc transfer of a polymannose oligosaccharide to a polypeptide still bound to the ribosome (for a review, see Hubbard and Ivatt, 1981) . Several lines of evidence indicate that the transfer of the lipid-bound oligosaccharide to an acceptor polypeptide occurs within the cisternae of the RER. The majority of this evidence comes from the observations that protein-linked carbohydrates are found primarily on the cisternal side of RER membrane preparations (Rothman and Lenard, 1977; Rodriguez-Boulan et al., 1978; Hanover and Lennarz, 1980) and in cell-free translation systems, protein glycosylation occurs only when microsomal membranes are included (Rothman and Lodish, 1977; Garoff et al., 1978; Linagappa et al., 1978; Toneguzzo and Ghosh, 1978; Bielinska et al., 1979; Dobberstein et al., 1979; Korman et al., 1980) . Pulse-chase experiments with cultured cells infected with vesicular stomatis virus (WV) show that during the pulse and for a brief chase period the newly synthesized VSV glycoprotein is susceptible to endoglycosidase attack (Robbins et al., 1977; Tabas et al., 1978; Schmidt and Schlesinger, 1980) . Taken together our lectin cytochemical results and the biochemical results described above support the opinion that the initial glycosylation of asparagine-linked glycoproteins occurs in the cisternae of the RER and that the added oligosaccharide is a polymannose type. The presence of Con A receptors in cisternae of the nuclear envelope of Purkinje cells after Endo H digestion suggests that this portion of RER may contain complex or larger hybrid-type oligosaccharides. Lectin cytochemical experiments with cryostat sections of adult mouse cerebellum by Hatten et al. (1979) found Vol. 4, No. 6, June 1984 Figure 4 . a, Purkinje cell presynaptic terminal in the dentate nucleus from a buffer-treated tissue slice. Smooth membrane cisternae (arrowheads) have Con A label. Magnification x 37,500. b, Purkinje cell terminal in the dentate nucleus from a tissue slice treated with Endo H. Note the absence of Con A label in smooth membrane cisternae (arrowheads) . Magnification x 46,200. c, Purkinje cell dendrite from a buffer-treated tissue slice. The Con A label is present in the hypolemmal cisternae (arrowheads). Magnification x 21,060. d and e, Purkinje cell dendrites from Endo H-treated tissue slices. Con A-binding sites are removed or greatly reduced in the hypoleinmal cisternae (arrowheads).
Magnifications: d, X 25,740; e, X 32,760.
wheat germ agglutinin (WGA) to label the nuclear envelope area but not the somata of Purkinje cells. The differences in lectin labeling and Endo H susceptibility of carbohydrates in the nuclear envelope compared to the RER suggests a possible functional heterogeneity between these two RER compartments that is yet to be determined. Endo H digestion did not reduce Con A label in the Golgi cisternae. This was not an unexpected result since glycosidase and glycosyltransferase activity reported to occur in the Golgi complex (for a review, see Rothman, 1981) would modify the polymannose oligosaccharides and make them Endo H resistant. Glycosyltransferase activities for the transfer of N-acetylglucosamine (GlcNAc), galactose (Gal), and N-acetylneuraminic acid (NANA) to protein-bound oligosaccharides have been localized in trans-Golgi subcellular fractions (Bretz et al., 1980) and galactosyltransferase activity in the transGolgi by immunohistochemistry (Roth and Berger, 1982) , so a fraction of the total Con A-binding sites in the cis-Golgi should be Endo H susceptible. However, the removal of mannosyl residues by a-mannosidases reported to be in the cis-Golgi (Kornfeld et al., 1978; Dunphy et al., 1981; Dunphy and Rothman, 1983) produces a three mannose-core oligosaccharide which is hydrolyzed by Endo H at a rate approximately l/10,000 that of larger polymannose and small hybrid-type oligosaccharides (Tarentino et al., 1978) . Therefore, a group of Con A receptors in the cis-Golgi resistant to Endo H would possibly remain after the enzyme treatment. Also the possible addition of a fucosyl sugar to the chitobiose core would render the oligosaccharide Endo H resistant (Tarentino and Maley, 1975; Tarentino et al., 1978) .
In tissue slices treated with Endo H, the removal or drastic reduction of Con A-binding sites in the hypolemma1 cisternae of both the somata and dendrites of Purkinje cells suggests that many of the oligosaccharides lining this membrane system are polymannose or small hybrid types. This observation is interesting in light of the hypolemmal membrane system possibly serving as a fast transport system for cell surface macromolecules in the axons and dendrites of Purkinje cells (KaisermanAbramof and Palay, 1969; Palay and Chan-Palay, 1974; Wood et al., 1974 Wood et al., , 1981 Wood and McLaughlin, 1976; Walberg et al., 1976) . The association of fast transported proteins with a sublemmal domain in dendrites of spinal cord motor neurons has been demonstrated in autoradiographic studies (Schubert and Kreutzberg, 1975) . A sublemmal association of fast transported proteins in dendrites (Schubert and Kreutzberg, 1975) and a similar sublemmal position of the lectin-labeled hypolemmal cisternae (Wood et al., 1974; Wood and McLaughlin, 1976) conveys a possible parallel between the fast transport process and the hypolemmal cisternae. It is, of course, not possible at this time to rule out the possibility that the hypolemmal cisternae are not in a precursorproduct relationship with the plasmalemma. However, the absence of WGA-binding sites (NANA or GlcNAc residues) in the hypolemmal cisternae (Wood et al., 1981) suggests that if the hypolemmal cisternae is a membrane system used for fast transport of cell surface glycoproteins, the addition of terminal sugars which are characteristic of complex glycoproteins on the cell surface might occur at sites on or near their point of insertion into the plasma membrane (Wood et al., 1981) . This is supported by the observation that WGA receptors on neuronal plasma membranes are removed by neuraminidase treatment, but WGA labeling in the Golgi cisternae remains after neuraminidase treatment (Wood et al., 1981) . Since all glycoproteins destined for the cell surface are thought to pass through and are modified in the Golgi apparatus (Palade, 1975; Rothman, 1981; Hammerschlag and Stone, 1982) , the observation that WGA labeling in the Golgi complex is not removed or decreased after neuraminidase treatment suggests that the addition of terminal NANA residues to oligosaccharides might occur on post-Golgi membranes. It should be noted that the absence of WGA staining in the hypolemmal cisternae cannot be taken as conclusive evidence that a population of NANA containing glycoconjugates does not exist there since it is possible that unknown factors may influence the binding of WGA to this system.
The removal of Con A-binding sites in smooth membrane cisternae of presynaptic terminals by Endo H digestion suggests that the majority of these carbohydrates are polymannose or hybrid type. As in the dendritic hypolemmal cisternae, the possibility of polymannose or hybrid-type oligosaccharides being fast transported to the presynaptic terminal and there being modified to a complex-type oligosaccharide may exist. Biochemical studies using subcellular fractionation of nervous tissue have described glycosyltransferase activity in synaptosomal fractions (Dutton et al., 1973; Den et al., 1975; Goodrum et al., 1979; Preti et al., 1980; Rostas et al., 1981) . The relatively high amounts of unsubstituted Gal and GlcNAc sugars on the nonreducing end of asparagine-linked oligosaccharides in calf brain microsomes (Krusius and Finne, 1977) and the observation that ["HI-N-acetylgalactosamine injected directly into the L2 axon of Aplysia is incorporated into glycoproteins undergoing fast axonal transport (Ambron and Treistman, 1977 ) support the concept of oligosaccharide modification in post-Golgi compartments. The localization of anterogradely transported HRP in smooth membrane profiles of Purkinje cell presynaptic terminals (Walberg et al., 1976) gives credence for the involvement of this membrane compartment in glycoprotein transport.
These experiments have demonstrated the ability to characterize, at the ultrastructural level, carbohydrates lining the cisternae of various membrane compartments in the Purkinje neuron. Endo H hydrolysis of Con Abinding sites in the RER cisternae supports the concept of polymannose oligosaccharides being transfered to nascent polypeptides at this subcellular location. The inability of the enzyme to remove Con A receptors in the Golgi complex corroborates localization of cu-mannosidase activity in the cis-Golgi and terminal glycosyltransferase enzymes in the trans-Golgi. Characterization of Con A-binding sites in the dendritic hypolemmal cisternae and presynaptic terminal smooth membrane cisternae as polymannose or hybrid-type oligosaccharides suggests that if these membrane-bound compartments participate in the transport of cell surface glycoproteins, the addition of terminal sugars characteristic of the neuronal plasma membrane (especially NANA) might occur at a site close to or on the cell surface.
